Introduction
============

Liver cancer is a common malignant tumor, which due to its high metastatic potential, has become the primary cause of cancer-related death ([@b1-ol-0-0-11824],[@b2-ol-0-0-11824]). although great progress has been made in the diagnosis and treatment of liver cancer, patient prognosis is still unsatisfactory ([@b3-ol-0-0-11824]--[@b5-ol-0-0-11824]). Thus, exploring its potential pathological mechanism is particularly important to find new strategies that can improve treatment of patients with liver cancer.

X-linked ubiquitin-specific peptidase 9 (USP9X) is a member of the deubiquitinase family that has been shown to be involved in a variety of biological pathways, such as regulating cell transformation and survivalf6,7). Biochemical studies have identified that USP9X is widely expressed in tissues, which has been confirmed in TCGA database, and it can regulate the protein function by the deubiquitination pathway ([@b8-ol-0-0-11824]--[@b14-ol-0-0-11824]). USP9X plays important roles in the development and progression of several human cancers ([@b15-ol-0-0-11824]). For example, the USP9X protein is significantly increased in non-small cell lung cancer, breast cancer, leukemia, cervical cancer, follicular lymphoma, colon cancer and esophageal squamous cell carcinoma ([@b8-ol-0-0-11824]--[@b14-ol-0-0-11824]). Overexpression of USP9X in cancer activates multiple important pathways, such as the Ras/mitogen-activated protein kinase, PI3K/AKT, Rho/ Rho-associated protein kinase, Jagged/Notch, NK-κB and Wnt/β-catenin pathways ([@b16-ol-0-0-11824]). In addition, USP9X plays an important role in promoting liver cancer cell proliferation, but low USP9X expression can inhibit the bioactivity of these cells ([@b17-ol-0-0-11824]). This indicates that the protein stability of USP9X plays an important role in regulating the proliferation and cell activity of liver cancer cells. However, the molecular mechanism by which USP9X regulates the proliferation, invasiveness and migration of liver cancer cells is remains to be clarified.

The Janus kinase 2 (JAK2)/STAT3 pathway plays an important part in several cellular activities, including processes involved with the cytoplasmic domains of several cytokine receptors and mediating signals triggered by several hematopoietic growth factors, including erythropoietin (Epo), thrombopoietin (Tpo), and granulocyte colony-stimulating factor (G-CSF) ([@b18-ol-0-0-11824],[@b19-ol-0-0-11824]). This pathway can regulate cytokines, adhesion molecules and other inflammatory mediators ([@b18-ol-0-0-11824],[@b20-ol-0-0-11824],[@b21-ol-0-0-11824]), and transduce signals from activated receptors or intracellular kinases to the nucleus to activate and regulate gene transcription ([@b22-ol-0-0-11824]). JAK2/STAT3 signaling also serves a critical role in tumor cell proliferation, invasiveness and migration ([@b23-ol-0-0-11824],[@b24-ol-0-0-11824]), where the oncogene STAT3 is a key factor ([@b25-ol-0-0-11824]). Several studies have shown that STAT3 activation can improve the expression of c-Myc, which promotes cellular proliferation ([@b26-ol-0-0-11824]). On the other hand, the STAT3 activation is associated with the upregulation of matrix metalloproteinase-2 (MMP2), and further promote tumor invasive growth ([@b27-ol-0-0-11824]--[@b31-ol-0-0-11824]).

In the present study, the expression of USP9X in liver cancer tissues, and its role in the proliferation, invasiveness and migration of liver cancer cells were investigated to provide novel insight into the role of USP9X in liver cancer.

Materials and methods
=====================

### Tissue samples

A total of 14 patient samples were collected from seven liver cancer patients and seven patients without liver cancer at the No. 1 People\'s Hospital of Xuzhou, (Xuzhou, China). Part of the surgically removed tissues were used for histological diagnosis, and remainder was immediately frozen in liquid nitrogen and stored at −80°C. All specimens were pathologically diagnosed. The present study was approved by the Research Ethics Committee of the No. 1 People\'s Hospital of Xuzhou and written informed consent was obtained from each patient.

### Cell culture

The 293T cell line and the HepG2 liver cancer cell line were purchased from The Cell Bank of Type Culture Collection of the Chinese Academy of Sciences, Shanghai. All cells were identified by STR profiling. Cells were cultured in DMEM (Hyclone; Cytiva) supplemented with 10% fetal bovine serum (FBS; Invigentech) in a 5% CO~2~ incubator at 37°C. The inhibitor of JAK2 (Fedratinib, <http://www.medchemexpress.cn/tg-101348.html?src=bd-product>) was added 24 h post-transfection at a concentration of 10 µg/ml, and the cells were collected 6 h later.

### Lentivirus production

The short hairpin (sh) RNA USP9X plasmid and the associated shControl (which contained a non-targeting oligomers and doesn\'t affect the wild-type USP9X) were purchased from Shanghai GenePharma Co., Ltd. shUSP9X sequence: 5′-CCGGCCACCTCAAACCAAGGATCAACTCGAGTTGATCCTTGGTTTGAGGTGGTTTTT-3′; shControl sequence: 5′-GATCTTCTCCGAACGTGT- CACGTTTCAAGAGAACGTGACACGTTCGGAGAAT TTTTTG-3′. Transfection was performed with PolyJet transfection reagent (SignaGen Laboratories) according to the manufacturer\'s instructions. The lentiviruses were produced by co-transfecting 293T cells with both the core and the packaging plasmids. The lentivirus was collected after incubation at 37°C for 72 h.

### Establishment of stable cell lines

The plasmids of control and shUSP9X were GFP-tagged. Moderate amounts (1 ml) of lentiviruses were used to infect HepG2 cells (5×10^5^ cells/well in 6-well plate) and then cultured at 37°C for 72 h. Cells were continuously cultured in the DMEM medium containing 2.5 µg/ml puromycin (Sigma Aldrich; Merck KGaA). The surviving cells were cultured into cell lines stably expressing control and shUSP9X. Cell lines stably expressing the control or shUSP9X constructs were confirmed by western blot analysis.

### Transient overexpression of USP9X

The Myc-USP9X was generated by cloning the human USP9X cDNA into the expression vector pcDNA3.1-Myc at the *Bam*HI and *Xho*I restriction sites (Youbio, <http://www.youbio.cn>). An empty carrier containing the Myc tag (Myc-Vector) was used as a negative control (Youbio). The final concentration of all plasmids was \~1 mg/ml. Transfection of USP9X was performed using PolyJet transfection reagent (SignaGen Laboratories, <http://signagen.com>) according to the manufacturer\'s instructions and then incubated at 37°C for 24 h. Subsequent experiments were performed 24 h post-transfection. The efficiency of overexpression was verified by western blot analysis.

### 5-ethynyl-20-deoxyuridine (EdU) incorporation assay

The effect of USP9X on the proliferation of HepG2 cells was measured by EdU incorporation using an EdU assay kit (Guangzhou RiboBio Co., Ltd.) according to the manufacturer\'s instructions. Briefly, a total of 8×10^4^ cells/well were cultured in 48-well plates for 24 h, followed by a 2-h incubation with 50 µmol/l EdU at 37°C. Cells were then washed with PBS and fixed with 4% paraformaldehyde for 30 min, followed by permeabilization with 0.5% Triton X-100 for a further 30 min. Afterwards, the cells were washed five times with PBS and incubated with 100 µl 1X Apollo^®^ reaction cocktail (apart of the EdU kit) for 30 min at room temperature. Finally, the cell nuclei were dyed with 100 μl of Hoechst solution (5 µg/ml) for 30 min and visualized with a fluorescent microscope (IX71; Olympus, Corporation). The results are analyzed through Image J v1.8.0.

### Cell viability assay

Cell viability was assessed with the Cell Counting Kit-8 (CCK-8) assay (Dojindo Molecular Technologies, Inc.). A total of 1×10^4^ cells/well were cultured in 96-well plates and at the designated time point, 10 µl of CCK-8 reagent was added into the medium. After 4 h at 37°C, the absorbances were measured at 450 nm using a Synergy Mx Multi-Mode Microplate Reader. The cell viability was calculated according to the absorbances. The absorbances were normalized against a DMSO control.

### Colony formation assay

A total of 300 cells were seeded into 6-cm dishes and cultured for 15 days at 37°C. Cells were fixed with methanol at room temperature for 1 h and stained with 0.1% crystal violet at room temperature for 30 min to assess the number of colonies. Cells were washed twice with PBS and the plate images were captured using a digital camera (Alpha 7 II, SONY, <http://www.sonystyle.com.cn/products/ilc/ilce_7m2/ilce_7m2.html>). Positive colony formation, defined as colonies with \>50 cells, was confirmed by manual counting.

### Transwell invasion assay

Transwell assays were performed with a polycarbonate filter membrane with a diameter of 6.5 mm and pore size of 8 µm (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s protocol. To assess invasion ability, the filters were pre-coated with 10 µg Matrigel. A cell suspension of 3×10^4^ cells (in each group) in serum-free culture media was added into the inserts, and each insert was placed into the lower chamber filled with culture media containing 10% FBS as a chemoattractant. After 48 h in culture at 37°C, the non-invasive cells were removed from the upper chamber with cotton-tipped swabs, and the filters were fixed with methanol for 30 min and stained with a 0.1% crystal violet solution for a further 30 min at room temperature. Finally, five fields of adherent cells in each well were randomly selected and counted with an inverted microscope and counted.

### Wound healing assay

Cells (5×10^6^) cultured in DMEM supplemented with 10% fetal bovine serum were seeded into 6-well plates and incubated in a 5% CO~2~ incubator at 37°C for 12 h. Then, scratches were made with a pipette tip in the middle of the wells, and the cells were washed with PBS to remove cell debris before incubation in serum-free media for 50 h. At the designated time, five randomly selected fields were imaged with an inverted microscope. The number of cells across the wound was normalized to that of the control group. The results were analyzed using Image J v1.8.0 (National Institutes of Health).

### Western blotting

At the designated times, the cells were lysed using RIPA lysis buffer (Beyotime Institute of Biotechnology). The protein concentration was determined using the BCA kit (cat. no. P0010; Beyotime Institute of Biotechnology), according to the manufacturer\'s protocol. Equal amounts of protein lysate (80 µg) were resolved using 10% SDS-PAGE. The proteins were then transferred onto PVDF membranes and blocked with 3% BSA at room temperature for 2 h. Membrane were incubated with primary antibodies at 4°C overnight, and subsequently incubated with HRP goat anti mouse/rabbit IgG secondar antibody (1:4,000; cat. nos. sa00001-1 and sa00001-2; ProteinTech Group, Inc.) at room temperature for 2 h. 1X TBST was used for washing. The antibodies used were against: USP9X \[1:1,000; cat. no. 14898; Cell Signaling Technology (CST), Inc.\], phosphorylated (Tyr1007/1008)-JAK2 (1:1,000; cat. no. 3771, CST, Inc.), p-STAT3 (Tyr705; 1:1,000; cat. no. 9145; CST, Inc.), JAK2 (1:1,000; cat. no. 17670-1-AP; ProteinTech Group, Inc.), STAT3 (1:1,000, 10253-2-AP, ProteinTech Group, Inc.), MMP2 (1:1,000; cat. no. 10373-2-AP; ProteinTech Group, Inc.), c-Myc (1:1,000; cat. no. 10828-1-AP; ProteinTech Group, Inc.), β-actin (1:5,000; cat. no. 60008-1-Ig; ProteinTech Group, Inc.) and Myc-tag (1:1,000; cat. no. 16286-1-AP; ProteinTech Group, Inc.). Bound antibodies were detected with ECL Plus Western Blotting Substrate (Pierce; Thermo Fisher Scientific, Inc.) and exposed to X-ray films. Band densities were quantified using ImageJ software (version 1.8.0; National Institutes of Health). The relative amount of protein was determined by normalizing the densitometry value of interest to that of the loading control. Relative protein expression was determined by normalizing the densitometry value of target protein bands and corresponding internal parameters.

### Immunohistochemistry

Immunohistochemical staining was performed using the procedures provided by the S-P immunohistochemical kit (OriGene Technologies, Inc.). The sections were fixed with 4% paraformaldehyde for 3 days and sealed with 10% goat serum (Vicmed, <http://www.vicmed.cn/a/dbyjxgcp/myzhxg/399.html>) for 30 min at room temperature. The sections were then incubated with USP9X antibody (1:100; cat. no. 14898; CST, Inc.) at 4°C overnight, followed by incubation with biotin-conjugated goat anti-rabbit IgG (original concentration; cat. no. PV-9001) and HRP-conjugated streptavidin (1:20; cat. no. ZLI-9018; both from Beijing Zhongshan Golden Bridge Biotechnology Co., Ltd.). The reaction was developed using 3,3′diaminobenzidine reagent (OriGene Technologies, Inc.). Sections were stained with hematoxylin to stain the nuclei for 2 min and dehydrated by incubation in increasing concentrations of ethanol (50, 75, 80, 90 and 100%) followed by 100% xylene for 5 min. All steps were performed at room temperature. The slides were observed under the Olympus BX-53 light microscope (magnification, ×40; Olympus, Corporation), and images processed using Image-Pro Plus software (version 6.0; Media Cybernetics, Inc.).

### Survival analysis

The association between USP9X and survival of patients with liver cancer was assessed using the GEPIA database (<http://gepia.cancer-pku.cn/>) in order to understand the clinical significance of USP9X.

### Statistical analysis

The results are representative of ≥3 experimental repeats. All quantitative data are presented as the mean ± SEM. Statistical analysis was performed using SPSS (version 16.0; SPSS, Inc.). One-way analysis of variance followed by Tukey\'s post hoc test were used to compare differences between multiple groups. Paired Student\'s t-test was used to compare differences between two groups. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### USP9X is highly expressed in human liver cancer tissues

To understand the clinical significance of USP9X, the association between USP9X protein expression levels and the survival of patients with liver cancer was analyzed using The Cancer Genome Atlas database. The results show that high levels of USP9X is associated with poor prognosis in patients with liver cancer ([Fig. 1A](#f1-ol-0-0-11824){ref-type="fig"}). The USP9X protein expression level of seven non-tumorous liver tissues and seven liver cancer tissues were also examined by western blot analysis. The results indicate that USP9X is expressed to a greater degree in liver cancer tissues than non-tumorous tissues ([Fig. 1B](#f1-ol-0-0-11824){ref-type="fig"}). These results were also consistent with immunohistochemical analysis ([Fig. 1C and D](#f1-ol-0-0-11824){ref-type="fig"}). These results revealed that USP9X may play an important role in the development of liver cancer.

### Silencing of USP9X inhibits the proliferation, invasiveness and migration of human liver cancer cells

Due to the increased expression of USP9X in liver cancer tissues, it was hypothesized that USP9X might be associated the proliferation, invasiveness and migration of liver cancer cells. To address this problem, USP9X expression was silenced using shRNA. shUSP9X and the respective control lentiviruses were packaged into 293T cells before being transfection into the HepG2 cell line to successfully generate stable cell lines with loss of USP9X ([Fig. 1E and F](#f1-ol-0-0-11824){ref-type="fig"}). To determine whether USP9X-knockdown could affect the proliferation, invasion and migration of liver cancer cells, a number of functional experiments were performed. The EdU incorporation assay, showed that the number of EdU-positive cells was markedly reduced in HepG2 cells transfected with shUSP9X, compared with the control ([Fig. 2A and B](#f2-ol-0-0-11824){ref-type="fig"}). In addition, the CCK-8 assay revealed that the proliferation rate of the shUSP9X group was also significantly decreased compared with the control ([Fig. 2C](#f2-ol-0-0-11824){ref-type="fig"}). The ability of HepG2 cells to form colonies was also significantly decreased upon silencing of USP9X compared to the control group ([Fig. 2D and E](#f2-ol-0-0-11824){ref-type="fig"}). Furthermore, Transwell assays (with Matrigel coating) showed that cell invasiveness was inhibited in HepG2 cells transfected with shUSP9X ([Fig. 2F and G](#f2-ol-0-0-11824){ref-type="fig"}). The wound healing assay indicated that, compared with the control group, the number of migrated cells at 50 h was significantly decreased in shUSP9X HepG2 cells compared to the control group ([Fig. 2H and I](#f2-ol-0-0-11824){ref-type="fig"}). These results show that silencing of USP9X significantly inhibits the proliferation, invasiveness and migration of liver cancer cells.

### Overexpression of USP9X promotes the proliferation, invasion and migration of human liver cancer cells

To further investigate the role of USP9X in the proliferation and metastatic potential of human liver cancer cells, HepG2 cells were transiently transfected with Myc-Vector and Myc-USP9X plasmids. Transfection efficiency was confirmed by western blotting, and the Myc-tag antibody was used to detect the exogenous USP9X. ([Fig. 3A](#f3-ol-0-0-11824){ref-type="fig"}). After 24 h of transfection, the effects of overexpression of USP9X on cell proliferation and metastasis were investigated. The EdU incorporation assay showed that the number of EdU positive cells was significantly increased in the USP9X overexpressing cells ([Fig. 3B and C](#f3-ol-0-0-11824){ref-type="fig"}). The CCK-8 assay also revealed that the proliferation rate of the USP9X overexpressing cells was increased compared with the control ([Fig. 3D](#f3-ol-0-0-11824){ref-type="fig"}). Moreover, the ability of USP9X overexpressing cells to form colonies was also significantly increased compared with the control cells ([Fig. 3E and F](#f3-ol-0-0-11824){ref-type="fig"}). The Transwell assay (with Matrigel coating) showed that the number of invasive cells was increased by \~40% in USP9X overexpressing cells ([Fig. 3G and H](#f3-ol-0-0-11824){ref-type="fig"}). Furthermore, the wound healing assay indicated that the number of migratory cells was notably increased upon Myc-USP9X transfection, compared with the control ([Fig. 3I and J](#f3-ol-0-0-11824){ref-type="fig"}). These results reveal that USP9X overexpression significantly promotes the proliferation, invasiveness and migration of liver cancer cells.

### USP9X positively regulates the JAK2/STAT3 pathway to promote the proliferation, invasiveness and migration of liver cancer cells

The aforementioned results have shown that USP9X is important for the proliferation, invasivenessand migration of liver cancer cells. However, the underlying mechanisms were yet to be addressed. By western blot analysis, USP9X silencing was found to block downstream effectors of the JAK2/STAT3 pathway, thereby inhibiting the expression of c-Myc and MMP2 ([Fig. 4A and B](#f4-ol-0-0-11824){ref-type="fig"}). By contrast, overexpression of USP9X significantly upregulated the protein expression levels of the JAK2/STAT3 signaling pathway thus increasing the expression of c-Myc and MMP2. The relative ratios of the experimental group and the control group to their respective internal parameters were used for statistical analysis ([Fig. 4A and C](#f4-ol-0-0-11824){ref-type="fig"}). When evaluating the effect of the JAK2 inhibitor Fedratinib on USP9X overexpressing cells, it was found that JAK2 inhibition was able to effectively rescue the expression of JAK2/STAT3 pathway components, c-Myc and MMP2 ([Fig. 4D and E](#f4-ol-0-0-11824){ref-type="fig"}), and also restore the cellular proliferation, invasiveness and migration induced by USP9X overexpression ([Fig. 4F-K](#f4-ol-0-0-11824){ref-type="fig"}). In conclusion, these results suggest that USP9X positively regulates the JAK2/STAT3 pathway, thereby promoting the proliferation, invasiveness and migration of liver cancer cells.

Discussion
==========

USP9X is involved in the regulation of numerous key biological processes, such as proteasome activity, organ production, tumor production and transcriptional regulation ([@b6-ol-0-0-11824],[@b7-ol-0-0-11824]). It can simultaneously affect the ubiquitination process to regulate apoptosis, proliferation and adhesion of cells ([@b8-ol-0-0-11824]). Previous research has found that USP9X is significantly increased in human non-small cell lung cancer, breast cancer, leukemia, cervical cancer, follicular lymphoma, colon cancer and esophageal squamous cell carcinoma, which indicates that USP9X could be a potential biomarker in human cancers ([@b8-ol-0-0-11824]--[@b14-ol-0-0-11824]). However, the functions of USP9X in liver cancer have not yet been clarified. In the present study, the protein expression of USP9X in normal liver tissues and liver cancer tissues was detected. The results show that USP9X was unregulated in patients with liver cancer, compared with those in normal liver tissues. When analyzing the effects of USP9X on the proliferation, invasiveness and migration of liver cancer cells, the results indicated that silencing USP9X inhibited cell proliferation, invasiveness and migration, whereas USP9X overexpression had the opposite effect. These findings suggest that USP9X is a oncogene in liver cancer, as well as being a potential biomarker.

It is well known that inhibition of tumor-suppressor genes or activation of oncogenes is a key event for the development and malignant progression of liver cancer ([@b32-ol-0-0-11824]--[@b35-ol-0-0-11824]). USP9X plays an important role in the proliferation of liver cancer cells ([@b17-ol-0-0-11824]). In the present study, USP9X was found to be involved in the regulation of the JAK2/STAT3 pathway. Western blot analyses confirmed that USP9X overexpression could increase the levels of JAK2 and STAT3, along with c-Myc and MMP2. A number of studies have previously indicated that STAT3 activation improves the expression of c-Myc, which subsequently promotes cellular proliferation ([@b26-ol-0-0-11824]). Conversely, STAT3 activation has been associated with the upregulation of MMP2, and further promotion of tumor invasive ([@b27-ol-0-0-11824]--[@b31-ol-0-0-11824]). At the same time, USP9X-knockdown inhibits the expression of c-Myc and MMP2, thereby inhibiting the proliferation, invasiveness and migration of liver cancer cells. Overexpressing USP9X exerted the opposite effect, which was rescued by the JAK2 inhibitor Fedratinib. Therefore, upregulation of USP9X may be an important event in the development and malignant progression of liver cancer.

To the best of our knowledge, the present study shows for the first time evidence linking USP9X to the proliferation and malignant progression of human liver cancer by regulating the JAK2/STAT3 pathway. However, the specific mechanism by which USP9X regulates the JAK2/STAT3 pathway requires further investigation. These results lay the foundation for further study into the role of USP9X in liver cancer, and exploring the diagnosis and treatment of liver cancer.
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![Expression of USP9X in patients with liver cancer. (A) The Cancer Genome Atlas database analysis showed that high expression levels of USP9X were associated with poor prognosis in patients with liver cancer. (B) Representative western blots and quantification data show that the protein expression levels of USP9X were higher in liver cancer tissues than in non-tumor liver tissues. (C) Representative images of USP9X expression innormal liver tissues and liver cancer tissues determined by immunohistochemistry. Scale bar, 100 µm. (D) Histogram showing the quantification of the relative levels of USP9X from immunohistochemistry analysis. (E) GFP images show that shUSP9X and the control were successfully transfected into HepG2 cells, generating stable USP9X-knockdown cell lines. Scale bar, 500 µm. (F) Silencing efficiency of shUSP9X in HepG2 cells was examined by western blot. \*P\<0.05. GFP, green-fluorescent protein; MOD, mean optical density; sh, short hairpin; USP9X, X-linked ubiquitin-specific peptidase 9; TPM, total productive maintenance; p(HR), proportion of high resistance; n, number.](ol-20-03-2897-g00){#f1-ol-0-0-11824}

![Downregulation of USP9X inhibits liver cancer cell proliferation, invasiveness and migration. (A) Images and (B) statistical analysis of the EdU incorporation assay while silencing USP9X in HepG2 cells. Scale bar, 200 µm. (C) CCK-8 assay results. (D) Images and (E) statistical analysis of colony formation assays upon USP9X silencing in HepG2 cells. (F) Images and (G) statistical analysis of Transwell assay results (with Matrigel coating) after shUSP9X-knockdown in HepG2 cells. Scale bar, 200 µm. (H) Images and (I) statistical analysis of wound healing assays while silencing USP9X in HepG2 cells. Scale bar, 200 µm. \*P\<0.05 and \*\*P\<0.01. EdU, 5-ethynyl-20-deoxyuridine; GFP, green-fluorescent protein; sh, short hairpin; USP9X, X-linked ubiquitin-specific peptidase 9.](ol-20-03-2897-g01){#f2-ol-0-0-11824}

![Overexpression of USP9X promotes liver cancer cell proliferation, invasiveness and migration. (A) Overexpression efficiency of Myc-USP9X in HepG2 cells was verified by western blot analysis. (B) Images and (C) statistical analysis of EdU incorporation assay in USP9X overexpressing HepG2 cells. Scale bar, 200 µm. (D) CCK-8 assay results. (E) Images and (F) statistical analysis of plate colony formation while upregulating USP9X in HepG2 cells. (G) Images and (H) statistical analysis of Transwell assay result (with Matrigel coating) while upregulating USP9X in HepG2 cells. Scale bar, 200 µm. (I) Representative images and (J) statistical analysis of wound healing assay in USP9X overexpressing HepG2 cells. \*P\<0.05 and \*\*P\<0.01. EdU, 5-ethynyl-20-deoxyuridine; Endo, endonuclease; Exo, exonuclease; USP9X, X-linked ubiquitin-specific peptidase 9.](ol-20-03-2897-g02){#f3-ol-0-0-11824}

![USP9X positively regulates the JAK2/STAT3 signaling pathway. (A-C) Western blot assay and quantification showed that in HepG2 cells, the protein levels of JAK2/STAT3 pathway components, c-Myc and MMP2 were reduced in the context of USP9X loss by shRNA, while the results were contrary when USP9X increased in expression. (D and E) Western blot assay showed that the JAK2 inhibitor Fedratinib effectively rescued the expression of JAK2/STAT3 pathway components, c-Myc and MMP2. The inhibitor was added 24 h after transfection at a concentration of 10 µg/ml, and the cells were collected 6 h later. (F-K) EdU incorporation assay, Transwell invasion assay and wound healing assay showed that Fedratinib effectively restored pcell roliferation, invasiveness and migration induced by overexpressing USP9X. \*P\<0.05, \*\*P\<0.01 and \*\*\*P\<0.001. EdU, 5-ethynyl-20-deoxyuridine; JAK2, Janus kinase 2; MMP2, matrix metalloproteinase-2; p-, phosphorylated; USP9X, X-linkedubiquitin-specific peptidase 9.](ol-20-03-2897-g03){#f4-ol-0-0-11824}
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